Significance statement: Like guitar strings, molecules have characteristic vibrational frequencies, set by the strength of chemical bonding between the atoms. In an experiment using a special antenna for light, we have found that applying an electrical voltage to a single buckyball molecule systematically lowers its vibrational frequencies, indicating that the bonds are weakened. We can explain this observation in terms of a very simple, general model, in which the applied voltage slightly increases the amount of negative charge on the molecule, thus tuning the chemical bond strength. This may be generally useful in understanding and controlling the mechanical properties of molecules.
is some preliminary evidence of bias-driven mode shifts in such junctions(23), with the mechanisms of these phenomena remaining unclear.
We report vibrational mode softening in C 60 molecules on the order of tens of wavenumbers, approximately quadratic in the external DC bias, V, applied across such a junction. We compare these observations with density functional theory (DFT) calculations to determine the underlying mechanism. The calculations suggest that the systematic softening, its magnitude, and its detailed functional dependence on V are inconsistent with a pure vibrational Stark effect.
Instead, changes in molecular charge with bias(27) result in vibrational shifts that closely resemble those observed in the experiments, both in magnitude and sign. This reveals a general physical mechanism, expected to have implications for other systems and measurements. with energies greater than 1000 cm -1 shift toward low energies as the applied bias increases.
These systematic shifts are routinely observed in C 60 -based junctions, having been seen in 12 out of 23 junctions that produced a significant and stable SERS signal. The remaining 11 junctions had "blinking" (junction configuration instability) sufficiently strong that it precluded the long measurements required for a clear assessment of bias-driven effects. This yield and variation is consistent with prior experiments in such junctions.
The bias-driven shifts, apparent as a curvature of the spectral features, vary in magnitude, from a few cm -1 to 20 cm -1 . Figure 3 shows data from another device, employing a higher resolution grating in the spectrometer. This particular data set shows clear discontinuities in the mode intensities at a few bias voltages; these are stochastic blinking as described above. The bias-driven shifts on the devices are consistent with a quadratic dependence on applied bias, δω ~ V 2 . Note that electromigrated junction experiments do not precisely control the molecule/metal contact geometry at the atomic scale; variability in the contact geometry and molecular environment can give junction-to-junction variations in the precise Raman spectrum. However, the sign, functional form, and magnitude of the bias-driven shifts here are consistent and reproducible.
To understand the mechanism at work, we use density functional theory (DFT) to compute the vibrational frequencies of C 60 as a function of external field and charge state. In principle, the local field and charge state of a molecule in a junction depend on atomistic features of the molecule-metal contact which are highly complex, generally unknown, and vary from device to device. Here, we neglect explicit treatment of the electrodes and instead model the C 60 environment, as a function of bias, through changes in fields and steady-state occupation.
Initially, we compute the vibrational frequencies of a gas-phase C 60 molecule in the presence of constant electric fields. However, the lack of resonant transport (see Supporting Information) confirms that the applied bias in this experiment is insufficient to fully change the average redox state of the molecule by an entire electron. Therefore, the anion represents the limit of charging possible in the system. studies of C 60 adsorbed on clean metal surfaces(37). As the molecule is (partially) charged, several C 60 vibrational modes shift systematically to lower energies, by tens of cm -1 . We compute that these are Raman-active H g modes * which couple strongly to the t 1u and are present throughout the 1000-1600 cm -1 measurement range (see Fig. 4 ). This trend is reasonable on general chemistry grounds: Adding an electron to the neutral C 60 occupies an antibonding LUMO that is delocalized over the entire molecule, thereby softening many * A g modes also couple to the t 1u LUMO, but as the symmetric A g modes do not break the LUMO degeneracy, and are therefore not involved in the Jahn-Teller distortion(38-42), they vary less significantly with bias.
intramolecular bonds. Thus a redshift of vibrational modes coupled to an antibonding LUMO upon electronic charging would be expected quite generally.
Only a relatively small amount of charging is necessary to result in the mode shifts seen here, and small changes in charge state are very plausible under bias. Figure 4 shows a simple model for the energy level alignment of the junction. At zero applied bias, the triply degenerate LUMO resonance will be positioned near the Fermi energy(37, 43), and broadened by its coupling to the source and drain electrodes. Assuming that electrons tunneling from the source to drain and drain to source, respectively; that they are non-interacting and are therefore occupied according to their original source or drain quasi Fermi levels(44); and that the resonance lineshape is
Lorentzian with a width Γ = Γ S + Γ D , the change in steady-state occupation, δρ, of a single triply degenerate level at energy E 0 above the equilibrium Fermi level E F , at bias V, can be expressed
where, in this case, the density of states Previous STM experiments and DFT calculations of C 60 on metal surfaces yielded Γ ~ 0.1 eV and E 0 ~1.0 eV (43). However, in a junction environment, where C 60 is contacted on both sides with rough surfaces, E 0 will be closer to E F (37). Depending on the specifics of the Au-C 60 contact within a particular junction, E 0 may vary somewhat. The value for Γ will also vary to some degree but numerous experiments have shown significant coupling of C 60 to Au. To demonstrate our reasoning, we take E 0 = 0.6 eV above E F at zero bias and Γ = 0.1 eV (the effect of other choices for these parameters is explored in Fig. S8 of the SI, but the general effect of charging is preserved). Together with the above model dependence of δρ on V (Fig. 4b ) and DFT-computed dependence of the frequency on δρ (Fig 4c) , we compute the vibrational mode frequency as a function of bias for voltages up to +/-0.6 V, as shown in Fig. 4d . This simple model explains the measured mode softening trends.
For the choice of model parameters E 0 and Γ, the finite temperature spread of the FermiDirac distribution of the electrons in the source and drain has a negligible effect on the molecular charge at 80 K, but is more important at 300 K. This suggests that any heating of the electronic distribution at high bias(23) could also play a role in determining the molecular charge and hence vibrational energies. 
Materials and Methods
The Raman intensity at 520 cm -1 is used to locate the center of a bowtie structure. Following electromigration, a further Raman image determines the location of the nanogap's plasmonic Raman hotspot. Raman spectra at that location are then acquired simultaneously with electronic transport data (I and dI/dV as a function of V, using a current preamplifier; V sourced by a digital-to-analog converter (DAC) integrated into a lock-in amplifier; differential conductance measured via lock-in using a 10 mV AC signal added to V with a summing amplifier). Fig. 1 is an example of a single surface enhanced Raman spectrum of such a junction, acquired with a 1 second integration time. The sharp mode at 520 cm -1 is from the underlying Si substrate, and the modes between 1000 cm -1 and 1600 cm -1 agree reasonably well with expectations from other SERS studies of C 60 . Transport data acquisition was synchronized with spectral measurements through triggering. The bias, V, was swept from -0.5 V to 0.5 V in steps of 0.0125 V or 0.025 V.
The acquisition time for each spectrum at every voltage was 1-3 s. A higher resolution grating is available for detailed studies, though this grating precludes simultaneous measurements of both Stokes and anti-Stokes emission.
All calculations were performed using the Siesta 3.1 code(46). The C pseudopotential utilized a core radius cutoff of 1.29 Bohr for 2s, 2p, and 2d channels. A triple zeta basis set was used for 2s and 2p functions, with a single zeta 2d polarization function. All calculations were performed with a 1000 Rydberg real space grid and 30x30x30 Angstrom supercells. All structures at all charges and fields were relaxed until forces were less than 0.004 eV/Angstrom.
Vibrations were calculated using SIESTA's Vibra package(47). Table S1 shows a comparison against previous theoretical results for the vibrational spectrum of C 60 for Raman active modes. Some difference between the results from the previous calculations done with the Gaussian code and this work remain even at the high degree of convergence our parameters detailed above achieve. We ascribe this primarily to Siesta's differing construction of the basis through the use numerical atomic orbitals (NAO). Importantly, the difference in PBE results between the two codes is much smaller than the difference between PBE and B3LYP results. This indicates that, as required, the results are indeed dominated by the choice of exchange-correlation rather than the details of the numerical simulation.
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Computational Details
For calculations of charged C 60 Siesta's built in mechanism for charged systems was utilized. It uses a compensating uniform background charge and a Madelung correction. For the finite field calculations the fields were applied along C 2 symmetry axis and the C 60 was allowed to relax at each field strength. Modes were tracked across the charge state calculations of the molecule by tracking the strongest projection for each mode as charge was increased.
In Fig. S5 we show the result of varying E 0 on the simulated vibrational spectrum as bias is swept. 
